This laboratory study investigated seated computer work before and after prolonged constrained sitting. Discomfort ratings and kinetic and kinematics data were recorded in nine healthy males performing computer work for 5 min before and after 96 min of sitting. The displacement of the center of pressure (CoP) in anteriorposterior and medial-lateral directions and lumbar curvature (LC) were calculated. The root mean square, standard deviation, and sample entropy values were computed from the CoPs and LC signals to assess the magnitude, amount of variability, and regularity of sitting dynamics, respectively. The discomfort increased for the buttocks (p = .02).The standard deviation and sample entropy values of the CoPs and LC signals, respectively, increased (p < .04) and decreased (p < .004) whereas the root mean square remained unchanged (p > .15) after prolonged constrained sitting compared with before. This present study showed that during seated computer work, prolonged constrained sitting affected the amount of variability and the regularity of sitting postural control, whereas the magnitude was not affected. The importance of the dynamics of sitting control may challenge the idea of a static and ideal seated posture at work.
The working population with primarily seated office work using a computer has escalated over the last decades (Parent-Thirion et al., 2007) . Perceived tension, muscle fatigue, soreness, numbness, and feeling of pain are associated with discomfort (de Looze et al., 2003) . Computer work is considered as a quasi-static, repetitive task (Dennerlein & Johnson, 2006 , Samani et al., 2009b , whereas sitting is seen as a dynamic task (Fenety & Walker, 2002) . Fixed posture, prolonged sitting, and repetitive arm movement are physical risk factors contributing to the development of work-related musculoskeletal disorders (Bernard, 1997) . Lumbar curvature (LC) has been linked to low back pain in seating (Wilder & Pope, 1996) . However, the knowledge concerning the underlying mechanisms of back pain is still scarce (Bernard, 1997; Videman et al. 2003; Battie et al., 2009) . A way to gain insight in such mechanisms is to study sensory-motor interaction in occupational settings (Madeleine, 2010) .
In seated conditions, discomfort is reported to influence postural sway (Fenety & Walker, 2002 Vergara & Page, 2002 . Seated postures are often quantified by computing amplitude or magnitude estimators (Fenety & Walker, 2002; Carcone & Keir, 2007; Claus et al., 2009; Kingma & van Dieën, 2009 ). However, Søndergaard et al. (2010) recently reported no correlation between discomfort and mean values of the center of pressure (CoP) displacements and of the LC angle. Interestingly, a positive relationship between the frequency of postural changes and discomfort has been shown during seated computer work (Liao & Drury, 2000) . Fenety and Walker, (2002) have also reported an increase in the occurrence of postural shifts over time in seated video displayed unit workers. This seems contradictory to the idea proposed concerning changes in sitting posture and their potential protective effects (Vergara & Page, 2002) and calls for studies aiming at delineating changes in posture in relation to discomfort. Surprisingly, most of the studies assessing sitting postural sway and discomfort have not considered an important characteristic of motor control, i.e., dynamics of seating. This has only been the case recently (Harbourne & Stergiou, 2003; Harbourne et al., 2004; Deffeyes et al., 2009) . A collection of variability measures based on linear and nonlinear estimators can be considered when investigating the motor variability (Harbourne & Stergiou, 2003) . The amount and the temporal structure of variability of postural sway can, for instance, be assessed by computing standard deviation and entropy measures, respectively (Deffeyes et al., 2009 , Søndergaard et al., 2010 . The entropy measures express the regularity of the underlying processes (Kuusela et al., 2002) . To date, the dynamics of sitting postural control in relation to prolonged sitting have only been sparsely studied by use of linear and nonlinear analysis (Hermann, 2005; Søndergaard et al., 2010) . Hermann (2005) explored the dynamics of sitting posture by assessing driver macro movements and regularity of the CoP displacements during long-term driving (Hermann, 2005) . More recently, a relationship between discomfort and amount and temporal structure of variability was reported during prolonged sitting with constrained posture, that is, no arm or leg movements. The variability of the sitting movement pattern assessed in terms of CoP displacements and LC angle became larger and more regular as the discomfort increased (Søndergaard et al., 2010) . However, no study has addressed the variability of sitting posture after prolonged constrained sitting in daily life tasks enabling a more dynamic postural control like computer work.
In this study, it was hypothesized that after prolonged constrained sitting, we would observe similar magnitude, larger amount, and more regular temporal structure of variability of sitting movement pattern during computer work in accordance with Søndergaard et al. (2010) . For this purpose, the root mean square (RMS), standard deviation (SD), and sample entropy (SaEn) of the CoP and LC time series were analyzed on the basis of recordings performed before and after prolonged constrained sitting. The data related to sitting postural control in prolonged constrained conditions are reported in Søndergaard et al. (2010) .
Methods and Materials

Subjects
Nine male volunteers took part in this laboratory study. All participants were right-handed and experienced computer users. Their mean age was 25.2 (SD 1.6) years, mean height 186.9 (SD 5.8) cm, mean body mass 81.6 (SD 6.5) kg, and mean BMI 23.3 (SD 1.1). The participant population was the same as in a study investigating the variability of sitting postural movement in relation to the development of perceived discomfort in constrained conditions (Søndergaard et al., 2010) . None of the subjects had any known spinal deformities or musculoskeletal pain in the back region. All subjects gave written, informed consent to participate in this study. The study was approved by the local ethics committee (N-20070004) and conducted in conformity with the Declaration of Helsinki.
Standardized Computer Work Task
The computer table was adjusted in accordance with the anthropometry of each participant. The design of the table ensured support of the forearms and elbows, enabling the arms to rest during the experiment. The participants were seated on a force platform (see the subsection "Kinetic and Kinematics Recordings," below) with no back-or footrest and without cushioning in line with, for example, that used by Harborne and Stergiou (2003) and Deffeyes et al. (2009) . This choice was made not to have a standardized sitting condition influenced by back-or footrest and cushion type. The edge of the force platform was padded with foam to minimize the discomfort at the popliteal area. Contrary to Søndergaard et al. (2010) , the subjects were allowed to change working posture during the recordings while focusing on the computer task. This ensured blood circulation in the legs. Computer work was performed twice for 5 min before and after 96 min prolonged constrained sitting (see the subsection "Prolonged Constrained Sitting," below) aiming at inducing discomfort. Figure 1 shows the timing of the seated computed work and the prolonged constrained sitting as well as the biomechanical, discomfort, and work performance assessments. The standardized computer work was performed as previously described (Birch et al., 2001 ). The task consists of duplicating various graphs showing six circular targets linked to each other by straight lines including a start target (bold circle) displayed on the upper right corner of a computer screen (pixel resolution: 0.3 mm, screen resolution: 1024 × 768 pixels). Once the two graphs were identical, a new graph appeared. The time allowed for completing a graph was 8 s. Participants were instructed to complete as many graphs and to make as few errors as possible within 5 min. The work performance was monitored by registering the numbers of correct/ incorrect graphs, the average time used per graph, and the numbers of left and right mouse clicks.
Prolonged Constrained Sitting
The variability of sitting postural movement during discomfort development in constrained conditions ( Figure 1 ) is reported in Søndergaard et al. (2010) . In Søndergaard et al. (2010) , only movements of the upper body in response to discomfort were allowed, while the movements of arms and feet were limited; that is, the participants were asked to keep the palms of their hands at on their thighs, and not to move their legs and feet. Pilot recordings showed that sitting for 90 min was provoking moderate discomfort. The 96 min of constrained sitting (no movement of arms/ legs) consisted of 18 intervals of 5 min with breaks of 20 s at each interval. The subjects watched a movie and were instructed to only move their lower legs and feet during the breaks to ensure blood circulation in the legs. Body part discomfort ratings were collected before and after prolonged constrained sitting using a 6-level scale from 0 to 5, with 0 anchored at no discomfort and 5 at worst imaginable discomfort (Corlett & Bishop, 1976 ).
Kinetic and Kinematics Recordings
A force platform (AMTI OR6-7 1000, Watertown, MA, USA) measured the reaction forces (in the anteriorposterior [AP], medial-lateral [ML] , and inferior-superior directions) and reaction moments (around the sagittal and frontal axes of the force platform) applied by the seated participant. The forces and moments signals were amplified (gain of 4000) and analog low-pass filtered (F cut-off : 10.5 Hz).
Eight Qualisys Pro-Reflex 240 cameras (Qualisys, Gothenburg, Sweden) were used to assess the LC noninvasively. Reflective markers were attached using double-sided tape at the spinous processes of the L1 and S2 vertebrae after palpation. Another marker was attached at the point on the lumbar spine with the furthest perpendicular distance to an imaginary line between L1 and S2 during normal standing. This point was found by sliding a ruler along the lumbar spine between L1 and S2. Finally, a fourth marker was placed on the sternum as a reference for discerning kyphotic and lordotic LC.
Kinetic and kinematics data were sampled synchronously at 100 Hz in line with previous studies (e.g., Claus et al., 2009; Søndergaard et al., 2010) .
Kinetic and Kinematics Analysis
The displacements of the CoP in the AP and ML directions were computed (Winter, 1990) . The kinematics data were processed using Qualisys track manager software and transformed to angles of LC. Negative values denoted kyphotic curvatures and positive lordotic curvatures.
The RMS, SD, and SaEn values were computed for the CoP displacement in AP and ML directions and LC angles. A preliminary analysis using an epoch length of 1 min showed no significant changes over time of the extracted parameters during the 5 min recordings. Thus the epoch length was set to 5 min in line with the previous study by Søndergaard et al. (2010) . The RMS (quadratic mean) estimates the magnitude of the CoP displacements and LC angles. The SD (square root of the variance) reflects the amount of variability while the SaEn assesses the temporal structure of variability. The SaEn quantifies the regularity of the recorded signal (Richman & Moorman, 2000) . The SaEn measures the probability that two sequences that are similar for a length m will remain close when incrementing the length of the sequences to m+1. The similarity condition is determined by the tolerance, r. The SaEn is a unit-less, nonnegative number where higher values indicate less regular data series. For more details, see (Richman & Moorman, 2000) . The embedding dimension m and the tolerance r were set to 2 and 0.1 × SD of the time series, respectively, on the basis of human movement studies (Vaillancourt & Newell, 2000; Madeleine & Madsen, 2009 ).
Statistical Analysis
Wilcoxon signed rank test was used to compare the effects of prolonged constrained sitting (before/after) on the following dependent variables: Discomfort, computer performance, RMS, SD and SaEn of the CoP displacement in AP and ML directions and of LC angles. P<0.05 was considered as significant. The median values and [25-75%] quartiles for p < .05 are reported in the Results section.
Results
As expected, discomfort increased significantly after 96 min constrained sitting for the buttocks (p = .02), from 0 [0-0] to 3 [2-3.25] and tended to increase for the popliteal, upper back and neck regions (p = .13).
Computer work performance changed also after prolonged constrained sitting (Table 1 ). The number of correct graphs increased significantly while the number of incorrect graphs and the time necessary for completing graphs decreased significantly after prolonged constrained sitting (p = .008, p = .031 and p = .04, respectively). On the contrary, the RMS of the CoP displacement in AP and ML directions and the RMS of the LC did not change significantly when comparing the sitting conditions (p = .43, p = .15 and p = .73, respectively). As hypothesized, the SD of the CoP displacement in AP and ML directions and the SD of the LC increased after prolonged constrained sitting (p = .004, p = .008 and p = .04, respectively) while the SaEn values decreased (p = .004, p = .004 and p = .002, respectively). Figure 2 shows the box plot of the RMS, SD, and SaEn values of the CoP displacement in the AP and ML direction as well as of the LC angles before and after prolonged constrained sitting. 
Discussion
In the current study, the dynamics of seated computer work were investigated in relation to discomfort provoked by prolonged constrained sitting. Concomitant to the increase in discomfort, the amount and the temporal structure of the variability of the sitting posture and LC, respectively, increased and decreased while the RMS values remained unchanged during seated computer work.
Limitations
Contrary to most studies on seated discomfort, the current experimental set-up did not reflect the realistic seating as back rest, arm rest, and seat cushion were omitted. Previous studies have investigated the discomfort during driving (Hermann, 2005) , chair design/assessment (Vergara & Page, 2002; Kingma & van Dieen, 2009 ), or work tasks (Starr et al., 1985 , Fenety & Walker, 2002 Ziefle, 2003) making a comparison between studies difficult due to the combined effects of factors like work tasks and seat characteristics (cushion type, use or no use of backrest/armrests) on discomfort. Likewise, the current computer task is a simplification of real work as the task only consisted of mouse work simulating some features of computer work, repetitions of mouse click in quasi-static posture (Birch et al., 2001 , Dennerlein & Johnson, 2006 , Samani et al., 2009 ). The increase in numbers of corrected graph and the decrease in average time per graph can be seen as a positive trend underlining a slight increase in productivity. Prolonged constrained sitting did not, as such, alter the working performance. This is in line with a recent study showing no changes in the presence of acute shoulder pain (Samani et al., 2009a) . However, the author acknowledges the short duration of the recordings (5 min) and the lack of control session as important limitations of the present work. Thus, the individual influence of either computer work or prolonged constrained sitting cannot be inferred from the present design. The present set-up aimed at providing general baseline materials related to changes in the dynamics of sitting during seated computer work or during the development of discomfort (Søndergaard et al., 2010) . Future studies investigating the dynamic of seating in more realistic set-ups including, e.g., office chairs, are needed. Sample entropy was chosen to describe the changes in postural signal regularity as to be able to compare with our previous work (Søndergaard et al., 2010) . However, approximate entropy could have been used too. The embedding dimension and tolerance level have to be set to compute sample entropy. The embedding dimension is used to unfold the signal and can lead to some randomness instead of regularity in the analyzed signal. However, the choice of a fixed embedding dimension and tolerance level is often made (Vaillancourt & Newell 2000; Madeleine & Madsen, 2009; Deffeyes et al., 2009 ) and well suited for group comparison purpose.
Changes in the Dynamics of Seated Computer Work
The RMS values of the CoP displacement in AP and ML directions and LC did not change when comparing seated computer work before and after 96 min constrained sitting in agreement with the hypothesis. This is in line with the lack of changes in the magnitude of postural movement and LC during discomfort development (Søndergaard et al., 2010) . Moreover, this confirmed that the magnitude of postural movement and LC may not reveal changes in the sitting postural control during computer work. On the contrary, the functional changes in postural control variability were found as suggested previously (Van Emmerik & Van Wegen, 2002) . This is in agreement with the fact that changes in sitting posture have been suggested as an important factor with respect to discomfort (Vergara & Page, 2002) . During computer work, a larger and more regular sitting movement pattern was hypothesized after prolonged constrained sitting than before.
The present increase in the amount of variability did confirm the hypothesis and is in line with the changes in the sitting movement pattern variability reported during constrained sitting for 96 min (Søndergaard et al., 2010) . This is, however, contrary to the decrease in the relative amount of movement variability (coefficient of variation) found during deboning work with neck-shoulder discomfort (Madeleine & Madsen, 2009) . We have recently reported a relationship between the discomfort and the amount of variability of the CoP displacements and LC during prolonged constrained sitting (Søndergaard et al., 2010) . The increase in the amount of variability in presence of discomfort due to prolonged constrained sitting is most likely indicating a need for an effective pressure relief of the soft tissue under the buttocks. This suggests an association between the tissue pressure under the buttocks and the discomfort. The discomfort is considered to prevent the motor system from adopting postures over time where the position signal reflecting afferent information from muscle spindles, Golgi tendon, skin, and joint receptor is altered, or to keep the body segment within a range of reliable encoding of posture (Rossetti et al., 1994) . The displacements of the CoP in the AP direction are closely related to the variations in the LC due to the anatomy of the lumbar-pelvic region. The recently reported positive correlation between the variability amount of the CoP displacement in the AP direction and the LC (Søndergaard et al., 2010) substantiates this finding. Thus, the variations in the LC in response to discomfort can contribute to pressure relief, rotating the pelvis and shifting the location of the ischial tuberosities under the buttocks. Furthermore, it may contribute to muscle and ligament tension relief in the lumbar, sacral, and gluteal body regions.
Concomitant to the increase in the amount of variability after prolonged constrained sitting, the sample entropy as a measure of regularity decreased for the CoP postural sway in the AP and ML direction and the LC. These decreases found during computer seated work were similar to the ones reported during the development of discomfort by Søndergaard et al. (2010) and in line with the decrease in the dimensionality of the head-shoulder kinematics reported in presence of neck-shoulder discomfort (Madeleine & Madsen, 2009 ). Interestingly, discomfort has been suggested to play a role in the development of musculoskeletal pain (Madeleine et al., 1998; Madeleine & Madsen, 2009 ). Moreover, decreases in the regularity of postural signal have also been reported with diseases (Vaillancourt & Newell, 2002) suggesting potential negative effects of discomfort on sitting postural control dynamics.
Implications for Seating Posture
Prolonged static activity can be harmful to the structures of the spine when pressure is applied to the vertebrae; the discs creep and assume a more convex form at the rim. The discs may rupture and/or produce more pressure to the nerves in the spinal column (Corlett, 2006) . Thus, LC has been frequently used to define an optimal seated posture. However, there is a lack of consensus about optimal seated posture and LC (Claus et al., 2009 ). The present study may contribute to explain contradicting results. Until now, the focus has mostly been directed toward a specific LC and its relation to biomechanical load (O'Sullivan et al., 2006; Claus et al., 2009 ) while this study suggests an irrelevance of the magnitude of the LC whereas its variation is of further interest. This is line with a statement made by Vergara and Page (2002) saying that some postures are harmful if sustained for a long period, viewing the variability of the LC as a mean to relieve discomfort. This is further supported by the sitting movement patterns becoming larger and more regular as the discomfort increases (Søndergaard et al., 2010) . Thus, ergonomic design of chair should aim at promoting the dynamics of sitting postural control as it may prevent the development of discomfort and adverse effects.
